Introduction
Diabetes mellitus (DM) is one of the most frequent chronic diseases in the paediatric population. Type 1 diabetes mellitus (T1DM) is the most frequent in children; however, recognition of type 2 diabetes mellitus (T2DM) and genetic forms is increasing [1] . The chronic hyperglycaemia of diabetes is associated with long-term damage, dysfunction, and failure of different organs, especially the eyes, kidneys, nerves, heart, and blood vessels [2] . Diabetes results in irreversible changes in microvasculature of kidneys, retina, and neurons; thus, patients with DM are at high risk of microvascular complications: nephropathy, retinopathy, and neuropathy [3] . Clinically evident microvascular complications are rarely seen among children and adolescents with DM, but there is clear evidence that their pathogenesis and early signs develop during childhood and usually accelerate during puberty [3] .
Diabetic peripheral neuropathy (DPN) is a major long-term complication of both type 1 and type 2 diabetes. Clinically evident symptoms of DPN are rather rare in children with DM; however, estimates of the prevalence of DPN in children and adolescents vary widely in the literature and range from 7% to 57% [4] . Diabetes-induced alterations in peripheral nervous system are in close correlation with disability -mobility disability and daily activities disability [5] . Alterations in gait pattern, postural control, and muscle function are widely described in the literature. It is known that people with DPN reveal some alterations in postural control, gait performance, and muscle function [6] , but the nature of these changes remains unclear. Some authors speculate the role of other non-neuropathic factors in the development of such alterations.
The main purpose of this paper is to present the main changes in postural control and gait pattern -as the indicators of neuromuscular function -in people with DM, which are described in the literature. We also discuss the need of translation of this knowledge to the paediatric population with T1DM.
Postural control
Postural control requires several mechanisms to align the body with respect to gravity, the support surface, and visual surroundings, and it is aimed to stabilise the centre of mass (COM) of the body relative to its base of support. These mechanisms include postural sway during sensory manipulations in quiet stance, reactive postural control, anticipatory postural adjustment, and dynamic balance [7] .
Postural stability in diabetes patients is affected, especially in those with clinical neuropathy. Peripheral sensory neuropathy seems to be the primary factor, but the available evidence does not rule out diabetes per se, other types of neuropathy (central, motor, autonomic), or an inability to exploit fully optical and inertial information about posture [8] . A systematic review of 38 studies revealed that patients with DPN exhibit significant deficit in sensorimotor function, balance, and gait. This is in correlation with deterioration of somatosensory, visual, and vestibular systems [6] . Greater sensorimotor impairment, especially plantar cutaneous insensitivity, is significantly associated with poorer forward reaching ability in patients with diabetes [9] . There is strong evidence that diabetic patients with neuropathy demonstrate a relative deficit in their ability to maintain posture when compared with non-neuropathic diabetic patients and healthy subjects [10] . When comparing the ability to maintain balance between people with T2DM and healthy subjects, Cimbiz and Cakir revealed that DPN disturbs balance especially on the dominant leg [11] . Another study showed greater values of centre of pressure (COP) displacement in anteroposterior and mediolateral directions in elderly people with T2DM and neuropathy when compared with age-matched healthy people. These alterations are not dependent on visual information [12] . People with DPN exhibit balance impairments while level walking and stair negotiation. They have greater COM-COP separation when compared with non-neuropathic diabetes patients and healthy controls, and thus may have higher risk of falls during daily activities [13] .
On the other hand, there is also some evidence for postural control alterations in diabetes patients without clinical symptoms of neuropathy. Bonnet and Ray suggested that in people with DPN postural impairments may arise not only from neuropathic changes. They also highlighted the role of visual impairments and changes in postural coordination [14] . Centomo et al. revealed that diabetes per se could have a direct effect on postural control during standing after self-induced forward reaching movement. They assessed non-neuropathic patients with T2DM while performing a forward reaching task. These subjects exhibited some difficulties when regaining their stability after self-initiated reaching task [15] . The ability to detect near-threshold postural perturbations is poorer in mature adults with diabetes when compared with neuropathic diabetes individuals, non-diabetic people with neuropathy, and healthy controls [16] . We found only one study focused on postural control in young people with T1DM. In this study postural stability was measured in youth recreational athletes by using static (one leg standing) and dynamic (single leg hopping course) tests. Results suggest that young individuals with T1DM and no neuropathy have reduced postural stability [17] .
There is strong evidence for postural control alterations in diabetes, but the role of diabetic neuropathy, non-neuropathic factors, or both is still unclear. In particular, the role of diabetes per se is not fully explained.
Gait characteristics
Assessment of gait characteristics in diabetes individuals includes: 1) spatio-temporal parameters (i.e. gait velocity, step length/width, step-cycle length), 2) kinematics (i.e. acceleration), 3) kinetics (i.e. ground reaction forces, joint moments), 4) muscle activity (electromyographic evaluation), and 5) foot pressure [18] .
A systematic review of 28 studies of diabetic gait showed agreement that diabetic patients walk more slowly and with greater step variability. They also present more plantar pressure and higher peak pressures under the metatarsal heads than healthy controls. Foregoing changes of spatio-temporal parameters might be a predictor of fall risk, whereas foot pressure changes are related to risk of foot ulcers [18] .
Sawacha et al. reveal reduction of trunk and lower limb joint mobility during walking in diabetes patients irrespective of neuropathy. Moreover, these alterations are more significant in patients with coexisting peripheral artery disease (PAD) [19] . Individuals with DM and PAD also walk more slowly [20] . Spatiotemporal parameters of gait are more affected in patients with DPN and neuropathic pain than in DPN with no pain, non-neuropathic DM patients, and healthy controls [21] . Older individuals with T2DM without overt DPN exhibit altered and less efficient gait patterns than non-diabetics people. These alterations are more apparent during walking at maximum speed [22] . Alterations in spatio-temporal parameters of DPN patients' gait are in correlation with visual and vestibular information impairments, cognitive impairments, and muscle weakness [6] .
People with DM exhibit changes in muscle activity. A few studies were performed to assess electromyographic activity of lower limb muscles in gait phases. A study by Savelberg et al. showed that independently of the preferred lower gait velocity, people with DM (with and without DPN) adjust the timing of muscle activity. They exhibit prolonged activity of monoarticular knee extensors and dorsal flexors of the foot. These findings suggest that alterations in muscle activity in DM may not depend only on the presence of neuropathy [23] . The same thesis was made by Sawacha et al. They assessed activity of lower limb muscles during walking in diabetes individuals with DPN, non-neuropathic diabetes people, and healthy controls. The alteration in rectus femoris activity in both DM groups at initial contact and loading response phases was observed. During the midstance phase a delay of gastrocnemius activity was observed in non-neuropathic diabetes subjects. The delay of rectus femoris and gluteus medius activity in the terminal swing phase was also observed in this group. These results indicate that functional changes in lower limb muscles occur before changes in peripheral nerve function can be detected [24] .
People with diabetes-related plantar foot ulcers exhibit great alterations in gait pattern when compared to diabetes individuals with no ulceration history and healthy controls. They present decreased plantar flexion, knee flexion, and pelvis obliquity. They also have significantly greater range of anteroposterior ground reaction force, significantly slower walking speed, and shorter step length [25] . Guldemond et al. assessed diabetes patients' plantar pressures while performing some daily activities: level walking, ramp and stair walking, turning into different settings, and while performing Up & Go test (TUG). Level walking and ascending a ramp resulted in the highest forefoot peak pressure compared with other activities. Across all activities and plantar regions, peak pressures were lower for patients with neuropathy than for non-neuropathic individuals [26] . A systematic review with meta-analysis performed by Fernando et al. showed a great agreement that patients with DPN present elevated plantar pressures and occupy a longer duration of time in stance-phase during gait [27] .
A few studies have assessed diabetes gait characteristics in non-level walking. Allet et al. investigated gait parameters in walking on three types of surfaces (tar, grass, and stones) in three groups of subjects: T2DM with DPN, T2DM without DPN, and healthy controls. Significant differences between DM subjects and healthy individuals were observed, but there were no differences between both DM groups. The authors suggest that walking in real life conditions reveals gait difficulties in patients with T2DM before neuropathy is clinically detectable [28] . When negotiating the stairs, patients with DM, particularly those with DPN, walk more slowly than healthy controls. They also exhibit lower lower-limb muscular capabilities and lower knee joint moments [29] . Hsu et al. assessed obstacle-crossing ability during walking in diabetes patients without DPN or mild DPN, and healthy individuals. Obstacle negotiation during gait is an inevitable part of daily activities, and difficulties in obstacle-crossing may lead to tripping and falls. People with DM exhibit significant alterations in the swinging leg: reduced trailing toe clearance, reduced knee flexion, and reduced hip adduction. The higher plantar flexors moments in the leading stance leg were also observed. These results confirm the thesis that alterations in gait in DM may occur before clinical symptoms of neuropathy are present [30] .
There is an agreement that walking strategies in people with DM are altered, especially those with DPN. Some studies suggest that changes in biomechanical parameters of diabetic gait are not directly related to DPN, because those changes are also detectable in non-neuropathic diabetes patients.
Discussion
Alterations in postural control and gait parameters in people with DM have confirmation in the literature [8, 18] . Actually, all these data relate to adult subjects, most of them in old age and with a long history of the disease. Investigating the literature, we have found only one study focused on postural control in young adults with T1DM [17] , and no studies on the gait characteristics, muscle function, and postural/motor control in children and adolescents with diabetes.
The changes in postural control and gait pattern are especially detectable in subjects with clinical DPN [10] . These patients exhibit deficits in sensorimotor function, balance, and gait [8, 38] , their ability to maintain posture is affected [10] [11] [12] , and they are at higher risk of falls [13] and foot ulcers [18, 27] .
The prevalence of DPN is thought to be around 50% and increases with longer duration of the disease and poor glycaemic control [31] . In T1DM it is the major chronic complication, although its clinical manifestation typically occurs in adulthood [32] . Clinical symptoms of DPN are rarely seen in children with T1DM, but there is evidence that pathogenesis and early signs can develop during childhood and accelerate during puberty [3] . The American Diabetes Association recommends screening for DPN starting at five years after the diagnosis of T1DM and at least annually thereafter, with a nerve conduction study (NCS) as the gold standard [33] . On the other hand, there is evidence that clinical symptoms of neuropathy may occur earlier than five years after T1DM onset [34] .
Typical DPN features sensory and motor dysfunction that progress in a distal to proximal, or length-dependent, manner [35] . DPN affects motor function, but significant motor deficits are not common in the early stages of the disease [36] . Numerous studies suggest that the most impactful consequence of DPN on the neuromuscular system is the accelerated loss of motor axons or motor units (MU), which is associated with neurogenic muscle atrophy and probably occurs later in the disease process, following sensory deficits [35] . On the other hand, Toth et al. suggested that MU loss begins in the early stage of the disease in children with T1DM, before their detection in standard electrophysiological examination is possible [37] . The best non-invasive method for studying functionality of motor nerve fibres and their innervated muscle fibres is Motor Unit Number Estimation (MUNE) -a technique performed using EMG [38] . Reduction of MUNE in T1DM children was observed in extensor digitorum brevis of lower limb when compared with healthy age-matched controls [37] . Moreover, participants of this study had no clinical or standard electrophysiological signs of neuropathy. The progressive loss of MUs is associated with the development of muscle weakness and atrophy [35, 39] . Electromyographic evaluation also shows lower motor unit discharge frequencies (MUDF) and slower conduction velocities in knee extensors in young adults with T1DM when compared with healthy controls. It apparently leads to impaired activation of muscle and decreased endurance during isometric fatigue [40] .
We found only two reports on dynamic muscle function in adolescents with T1DM. Frick et al. reported reduction in peak jump power assessed by jumping mechanography in correlation with glycaemic control [41] . The same method of muscle force assessment was used by Maratova et al. They revealed alterations in muscle function in adolescents with T1DM, especially those with disease duration longer than nine years. They also suggested that those alterations may contribute to the development of osteoporosis reported in adults with DM [42] .
We can assume that the decrease in neuromuscular function in DM is in close correlation with gait performance and postural control alterations. The literature provides some evidence for such changes in diabetes patients; nevertheless, they have been described in the adult population. Evidence for loss of motor fibre function in children with T1DM supports the opinion that neuromuscular-related postural and motoric alterations might occur in this population. Evaluation of neuromuscular parameters of gait, posture, and muscle function potentially provide information on neuromuscular status in the early stages of T1DM. Early functional evaluation of the neuromuscular system in children with T1DM potentially facilitates detection of the onset of diabetes-related changes in the peripheral nervous system and correlates them with disease onset and duration. Early detection of these alterations should enable the implementation of preventive procedures.
Conclusions
Alterations in postural control, gait pattern, and muscle function exist in adult individuals with DM. There is no evidence on this topic regarding children and adolescents with T1DM. The nature and onset of these alterations remain unclear; neuropathic and non-neuropathic factors are suggested. We postulate the need for early assessment of neuromuscular function in children and adolescents with T1DM to identify the status of the neuromuscular system in this group of patients.
